The hypertrophic G q -protein-coupled receptor agonist PE (phenylephrine) activates protein synthesis. We showed previously that activation of protein synthesis by PE requires MEK [MAPK (mitogen-activated protein kinase)/ERK (extracellularsignal-regulated kinase) kinase] and mTOR (mammalian target of rapamycin). However, it remained unclear whether ERK activation was required and which downstream components were involved in activating mTOR and protein synthesis. Using an adenovirus encoding the MKP3 (MAPK phosphatase 3) to inhibit ERK activity, we demonstrate that ERK is essential for the activation of protein synthesis by PE. Activation and phosphorylation of S6K1 (ribosomal protein S6 kinase 1) and phosphorylation of eIF4E (eukaryotic initiation factor 4E)-binding protein (both are mTOR targets) were also inhibited by MKP3, suggesting that ERK is also required for the activation of mTOR signalling. PE stimulation of cardiomyocytes induced the phosphorylation of TSC2 (tuberous sclerosis complex 2), a negative regulator of mTOR activity. TSC2 was phosphorylated only weakly at Thr 1462 , but phosphorylated at additional sites within the sequence RXRXX(S/T). This differs from the phosphorylation induced by insulin, indicating that MEK/ERK signalling targets distinct sites in TSC2. This phosphorylation may be mediated by p90 RSK (90 kDa ribosomal protein S6K), which is activated by ERK, and appears to involve phosphorylation at Ser 1798 . Activation of protein synthesis by PE is partially insensitive to the mTOR inhibitor rapamycin. Inhibition of the MAPK-interacting kinases by CGP57380 decreases the phosphorylation of eIF4E and PE-induced protein synthesis. Moreover, CGP57380 + rapamycin inhibited protein synthesis to the same extent as blocking ERK activation, suggesting that MAPK-interacting kinases and regulation of mTOR each contribute to the activation of protein synthesis by PE in cardiomyocytes.
INTRODUCTION
Cardiac hypertrophy is a major risk factor for heart failure and is characterized by increased mass of cardiac muscles, especially of the interventricular septum and left ventricular free wall. The cardinal feature of cardiac hypertrophy is increased protein synthesis leading to increased protein content and cell size [1] . G q /G 11 -linked (e.g. α 1 -adrenergic) receptors play a crucial role in mediating these effects. Indeed, overexpression of these receptors or the downstream mediator Gα q induced a hypertrophic response [2] . PE (phenylephrine), an α 1 -receptor agonist, elicits hypertrophic effects in cardiomyocytes and stimulates protein synthesis [3] [4] [5] .
The present study addresses the signalling events that activate protein synthesis in response to PE and elicit phosphorylation of regulatory components of the translational machinery. We have used adult cardiomyocytes rather than neonatal cardiomyocytes since there are significant differences between signalling connections in adult versus neonatal cells [6] .
Previous studies indicated the importance of Ras/Raf/MEK [where MEK stands for MAPK (mitogen-activated protein kinase)/ERK (extracellular-signal-regulated kinase) kinase] signalling in cardiac hypertrophy (reviewed in [7, 8] ). Our previous study showed that MEK signalling was critical for PE-activated protein synthesis and that this involves the activation of several components of the translational machinery that lie downstream of mTOR (mammalian target of rapamycin) [6, 9, 10] . Significant controversy remains regarding the role of ERK1/2 in the hypertrophic response (reviewed in [4] ): for example, inhibition of ERK1/2 expression with antisense oligonucleotides decreased the hypertrophic response in neonatal cardiomyocytes [11] ; however, ERK1/2 activation was not observed in the transgenic mice overexpressing Gα q [2] . The mTOR pathway is currently the focus of substantial interest: of particular relevance to hypertrophy is the fact that mTOR signalling is involved in controlling cell and animal growth [12, 13] . Indeed, the mTOR inhibitor rapamycin attenuates cardiac hypertrophy in vivo [14, 15] . Important recent developments have revealed how signalling from the insulin receptor activates mTOR: stimulation of PI3K (phosphoinositide 3-kinase) leads to phosphorylation/activation of Akt [also termed PKB (protein kinase B)]. Akt then phosphorylates the TSC (tuberous sclerosis complex) protein. TSC2 forms a complex with TSC1 that inhibits mTOR, by acting as a GAP (GTPase-activating protein) towards Rheb, a positive regulator of mTOR signalling [16, 17] . Phosphorylation of TSC2 is proposed to alleviate this inhibition.
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mTOR lies upstream of several regulators of mRNA translation. These include the S6Ks (40 S ribosomal protein S6 kinases) S6K1 and S6K2 [12] . mTOR also positively regulates the phosphorylation of the translational repressor 4E-BP1 [eIF4E (eukaryotic initiation factor 4E)-binding protein 1] [18] , leading to its release from eIF4E, allowing the latter to form productive initiation complexes [19] .
Other translation initiation factors are regulated independently of mTOR. eIF4E is also phosphorylated by the Mnks (MAPK-interacting kinases), which are activated by the classical MAPK (ERK) pathway [20] . The guanine nucleotide-exchange factor eIF2B, which is essential for recruitment of the initiator methionyl-tRNA to ribosomes, is regulated through both PI3K and MEK/ERK signalling (reviewed in [21] ).
Our previous studies suggest that, in ARVC (adult rat ventricular cardiomyocytes), mTOR activity is activated by PE through signalling events that require MEK, implying novel connections between the MEK/ERK and mTOR pathways [6, 9] . Interestingly, rapamycin substantially, but incompletely, inhibits PE-activated protein synthesis, suggesting that mTOR-dependent and -independent events are involved in the stimulation of protein synthesis by PE in ARVC. Previous reports suggested that ERK is not itself involved in the activation of S6K1 [22] and that S6K1 can be activated directly by MEK [23] . We therefore considered it important, first, to establish whether activation of mTOR signalling by PE in ARVC is indeed mediated by MEK in an ERK1/2-independent manner. To address this, we exploited an adenoviral vector encoding MKP3 (MAPK phosphatase 3). MKP3 is a dual-specific phosphatase that dephosphorylates the activation loop of ERK1/2 with very high specificity [24, 25] . Thus we are able to inhibit ERK1/2 signalling without affecting the activity of other pathways. Secondly, given that PE does not activate protein synthesis through the PI3K/Akt pathway [9] , which is involved in the phosphorylation of TSC2 in response to insulin stimulation of cells [26] , we considered it important to establish whether activation of mTOR signalling by PE involved the phosphorylation of TSC2. Lastly, we wished to study the additional events involved in the mTOR-independent activation of protein synthesis by PE.
The present results show that activation of ERK1/2 is essential for the stimulation of mTOR signalling and protein synthesis by PE. Importantly, we show that the signalling downstream of ERK1/2 to stimulate protein synthesis involves at least two distinct events. Our results suggest that PE stimulates the MEK-dependent phosphorylation of TSC2, implicate p90 RSK (90 kDa S6K) as a potential TSC2 kinase and indicate a role for the Mnks in PEactivated protein synthesis.
MATERIALS AND METHODS

Reagents
The adenovirus expressing GFP (green fluorescent protein) was kindly provided by Dr C. Sutherland (University of Dundee, Dundee, U.K.). Anti-phospho-Akt substrate (serine/threonine), anti-phospho-TSC2 (Ser  939 and Thr  1462 ) , anti-phospho-GSK3α/β (glycogen synthase kinase 3α/β) (Ser 21 /Ser 9 ), anti-ERK1/2, antiphospho-p38 MAPK (Thr 180 /Tyr 182 ), anti-phospho-Akt (Thr 309 ), anti-phospho-ERK1/2 (Thr 202 /Tyr 204 ) and anti-eIF4E antibodies were purchased from Cell Signaling Technology (Hitchin, Herts., U.K.). Anti-GSK3β antibodies were obtained from BD Transduction Laboratories (Oxford, U.K.). The anti-4E-BP1 antibodies were a gift from Dr A. Thomas (Utrecht, The Netherlands). Anti-TSC2 antibodies, activated Akt, p90 RSK1 and activated ERK2 were provided by the Division of Signal Transduction Therapy, School of Life Sciences, University of Dundee. Propranolol was obtained from Sigma (Poole, Dorset, U.K.). The Mnk inhibitor, originally described by Novartis as CGP57380 [27] , was synthesized by Dr R. Marquez (University of Dundee, U.K.). All other materials were obtained as described previously [9, 28] .
Cell isolation and culture
ARVC were isolated by perfusion and cultured as described previously [9] from adult male Sprague-Dawley rats (250-300 g). Cells were incubated overnight before treatments and collection of lysates. Cells infected with adenovirus were cultured for 48 h before treatments and collection of lysates.
Preparation of cell lysates
Details of treatments are presented in the Figure legends. Cells were harvested as described previously [9] . Cells used for the analysis of TSC2 phosphorylation were lysed in TNE extraction buffer (10 mM Tris/HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 %, v/v, Triton X-100 and 1 mM dithiothreitol).
Immunoprecipitation of TSC2
TSC2 was immunoprecipitated from lysates using 5 µg of anti-TSC2 [for the analysis of endogenous TSC2 in ARVCs or HEK-293 cells (human embryonic kidney 293 cells)] or anti-FLAG antibodies (for TSC2 overexpressed in HEK-293 cells). Antibodies were prebound to Protein G-Sepharose. Immunoprecipitates were washed and resuspended in 25 µl of 1 × SDS sample buffer [29, 30] for the analysis of phosphorylation of TSC2 in cardiomyocytes or HEK-293 cells or in kinase buffer A (20 mM Hepes, pH 7.4, 50 mM KCl, 10 mM MgCl 2 and 5 % glycerol) for the in vitro phosphorylation experiments with TSC2 overexpressed in HEK-293 cells.
SDS/PAGE and immunoblotting
SDS/PAGE and Western blotting were performed as described previously [29, 30] . Blots for S6K1 and 4E-BP1 were performed as described in [9, 29, 30] . Briefly, analysis of S6K1 was performed on a 10 % (w/v) acrylamide/0.1 % methylene bisacrylamide gel, whereas 4E-BP1 was analysed using gels containing 13.5 % acrylamide and 0.36 % methylene bisacrylamide. Analysis of TSC2 was performed using 7.5 % (w/v) polyacrylamide/ 0.1 % methylene bisacrylamide SDS/polyacrylamide gels run for 1.5 h at 200 V. All other resolving gels contained 12.5 % acrylamide and 0.1 % methylene bisacrylamide. TSC2 protein gels were transferred to an Immobilon-P membrane at 100 V for 1.5 h at 4
• C. To assess the phosphorylation state of eIF4E, m 7 GTP-Sepharose affinity chromatography was performed by the method of Vries et al. [29] . Briefly, cardiomyocyte lysates containing 500 µg of protein were incubated with 25 µl of a slurry of m 7 GTPSepharose 4B, diluted 1:2 with Sepharose 4B, at 4
• C for 2 h with constant rotation. Purified eIF4E was then separated by IEF, using Ampholines over the pH range 3.5-10, and transferred on to an Immobilon-P membrane. eIF4E was detected using anti-eIF4E polyclonal antibodies.
In vitro S6K1 assays
The activities of S6K1 were assessed by the technique described previously [6] . Briefly, S6K1 was immunoprecipitated for 2 h at 4
• C from 250 µg of ARVC lysate using 5 µg of S6K1 antibody (DSTT, University of Dundee) prebound to Protein G-Sepharose.
Immunoprecipitates were washed and resuspended in a volume of 10 µl of kinase buffer B (50 mM Hepes, pH 7.6, 50 mM β-glycerophosphate, 1 mM EDTA, 1 mM EGTA and 1 mM dithiothreitol). The activities of the immunoprecipitates were then assayed against an S6 peptide substrate as described previously [31] .
Incorporation of radioactive label into protein
Rates of protein synthesis were assessed by a standard procedure, i.e., by measuring the incorporation of 35 S-labelled methionine into newly synthesized trichloroacetic acid-precipitable material, as described previously [9, 28] . Briefly, cardiomyocytes were stimulated with insulin or PE as described for 1.5 h before the addition of 5 µCi/ml [ 35 S]methionine for a further 30 min. Cells were washed and harvested in lysis buffer as described above. Protein content was determined by the Bradford method [32] and equal amounts of protein were loaded on to Whatman 3MM paper filters before precipitation with 10 % (w/v) trichloroacetic acid. Incorporation of label was assessed by scintillation counting.
In vitro treatment of TSC2 with activated ERK2, Akt and p90
RSK1
HEK-293 cells were transfected by the calcium phosphate method [33] with pRK7-TSC1 and pRK7-TSC2 (wild-type or SATA [Ser 939 → Ala/Thr 1462 → Ala] or Ser 1798 → Ala). Cells were cultured overnight and serum-starved for a minimum of 8 h. TSC2 was immunoprecipitated from lysates as described above. The in vitro phosphorylation experiments were performed using FLAG-tagged TSC1 and TSC2 expressed in HEK-293 cells and kinase buffer A. Immunoprecipitates were incubated at 30
• C for the appropriate time period in the presence of 100 µM ATP, 1 mM MgCl 2 , 0.01 unit of activated ERK2, Akt or p90 RSK1 and, where appropriate, 1 µCi of [γ -32 P]ATP. Samples were run on an SDS/polyacrylamide gel as described above. Either the gels were transferred on to Immobilon-P membrane and Western blotted with antisera as indicated in the Figures or (for radiolabelling experiments) the gels were fixed and stained and then subjected to autoradiography. The SATA and Ser 1798 → Ala mutants of TSC2 were created using the Quik Change ® system (Stratagene, Cambridge, U.K.).
Site-directed mutagenesis of TSC2
The SATA mutant of TSC2 was kindly provided by Dr A. Tee. The Ser 1798 → Ala mutant of TSC2 was created using the Quik Change ® system with the SATA mutant as a template.
Statistical analyses
Data from the S6K1, protein synthesis assays and Western blots were classified according to treatment and adenovirus groups. Due to variation in basal S6K1 activity and incorporation of the radioactive label between experiments, statistical analyses were performed on data from individual replicate experiments. Data presented are the averages of three individual replicate experiments + − S.E.M. Data were analysed for statistically significant differences by two-way ANOVA using a data analysis package in Microsoft Excel. Tukey's honestly significant difference (HSD) method (P < 0.01 or P < 0.05) was then employed to identify significant differences between groups. Densitometric analysis of Western blots was performed using NIH ImageJ 1.32j software (http://rsb.info.nih.gov/ij/). Where phospho-specific blots were analysed, data were normalized to total protein blots before comparison. Statistical analysis was by two-way ANOVA for MKP3 experiments or by one-way ANOVA for TSC2 and eIF4E blots. We have previously used the α 1 -adrenergic agonist PE in our studies on the control of protein synthesis in ARVC. However, we were concerned that PE might also activate β-adrenergic signalling in cardiomyocytes, which could inhibit protein synthesis and interfere with the responses we were studying [34, 35] . Therefore, to investigate if α-adrenergic activation might affect the activation of protein synthesis by PE (through the α 1 -adrenergic pathway), cells were treated with the β-blocker propranolol before stimulation with PE. Pretreatment of cells with 20 µM propranolol did not significantly increase PE-induced protein synthesis ( Figure 1A ). PE induced a 1.8-fold increase in the incorporation of radioactive label. In the presence of propranolol, PE elicited a slightly greater increase in protein synthesis. However, this difference was not statistically significant (P > 0.05). Therefore all further experiments were performed in the absence of propranolol, as in our earlier work. In contrast, the α 1 -adrenergic antagonist prazosin (2 µM) inhibited the activation of protein synthesis by > 95 % (results not shown).
MKP3 almost completely ablates PE-induced phosphorylation of ERK1/2 without affecting other signalling pathways
To study the role of ERK in the activation of protein synthesis and the translational machinery by PE, we employed an adenovirus encoding either the ERK-specific MAPK phosphatase MKP3 or, as negative control, GFP (Adv-GFP). In preliminary experiments, an MOI (multiplicity of infection) of 100 pfu (plaque-forming units) was found to give maximum suppression of ERK1/2 activity without affecting cell viability, and this MOI was used in all subsequent experiments. ARVC infected with Adv-MKP3 express MKP3 protein at much higher levels than control cells ( Figure 1B ). After 48 h infection with the adenovirus, at least 85 % of the cells remained rod-shaped and viable as assessed by Trypan Blue exclusion (results not shown).
Treatment of Adv-GFP-infected cardiomyocytes with 10 µM PE induced 14-and 8.8-fold increase in the phosphorylation of ERK1 and ERK2 respectively when compared with untreated cells (P < 0.05; Figure 1C ). In contrast, 10 nM insulin caused only a 3-fold increase in ERK1/2 phosphorylation relative to untreated cells (P < 0.05). Basal ERK1/2 phosphorylation was decreased in untreated ARVC overexpressing MKP3, although these effects were not statistically significant (P > 0.05). In contrast, MKP3 expression markedly decreased PE-and insulininduced ERK1/2 phosphorylation compared with the Adv-GFP cells (P < 0.05). A small residual increase in ERK1/2 phosphorylation in Adv-MKP3-infected cells was still seen after stimulation with PE, although the PE-stimulated levels of phosphorylated ERK1/2 were not significantly higher than those observed in the Adv-GFP-infected control cells. Separate immunoblots using an antibody that detects ERK1/2 irrespective of their phosphorylation state indicated equal loading levels ( Figure 1D , top panel).
Although MKP3 demonstrates high specificity for ERK1/2, it has been reported to dephosphorylate p38 MAPK and JNK (c-Jun N-terminal kinase) [25, 36] . However, expression of MKP3 did not affect either the basal level of p38 MAPK phosphorylation in ARVC or the slight activation caused by PE [6] (Figure 1D ), indicating that MKP3 does not dephosphorylate p38 MAPK within ARVC. PE does not activate JNK in ARVC [6] , and indeed even arsenite fails to activate it [37] . Akt phosphorylation, which is stimulated by insulin, was unaffected by MKP3, further illustrating the specificity of MKP3 ( Figure 1D ). 35 S]methionine incorporation relative to the Adv-GFP control cells (+ − S.E.M.), which is set at 100 %. Results are representative of three replicate experiments using separate preparations of ARVC, and each experiment comprised three replicates. S.E.M. is calculated from the averages of the three independent replicate experiments. **P < 0.01 as indicated. (B-E) Freshly isolated ARVC were infected with Adv-GFP or Adv-MKP3 as indicated at an MOI of 100 pfu/cell. (B) Cells were treated with 10 nM insulin or 10 µM PE or DMSO (vehicle; control cells) for 5 min as indicated and then harvested. Lysates were analysed by SDS/PAGE/immunoblotting, as described in the Materials and methods section, and probed with anti-MKP3 antibody. (C) Cells were treated with 10 µM PE or 10 nM insulin for 5 min and harvested. Lysates were subjected to SDS/PAGE and immunoblots were analysed for phosphorylated ERK1/2 with anti-phospho-ERK1/2. Arrows indicate phosphorylated forms of ERK1 and ERK2. Densitometry was performed as described in the Materials and methods section, with ERK phospho-blots normalized to total ERK protein levels (determined by Western blotting, D) before comparison. Numbers are absolute values indicating fold change (+ − S.E.M.) in phosphorylated ERK1 and ERK2 relative to the Adv-GFP control sample. *P < 0.05 as indicated. (D) Top panel: immunoblots were probed with an antibody for ERK1/2 to confirm equal loading. The middle and bottom panels show immunoblots that were analysed for phosphorylated p38 MAPK using anti-phospho-(Thr 180 /Tyr 182 ) p38 MAPK or phosphorylated (Thr 309 ) Akt antibodies respectively. Blots are representative of three independent replicate experiments using separate preparations of ARVC. (E) Cells were stimulated with PE (10 µM) or insulin (10 nM) for 1.5 h. Protein synthesis was assayed and results are presented as in (A).
MKP3 blocks the activation of protein synthesis by PE but not by insulin
In Adv-GFP-infected ARVC, treatment with PE significantly increased protein synthesis to 175 % of control ( Figure 1E ) and insulin induced a 2-fold increase (P < 0.01), in line with previous findings [6, 9] . MKP3 completely blocked the PE-induced activation of protein synthesis (P < 0.01), whereas insulin-induced protein synthesis remained unaffected ( Figure 1E ). Thus MKP3 completely ablates PE-induced protein synthesis in an agonistspecific manner. This suggests that activation of protein synthesis by PE may require activation of ERK as well as the upstream kinase MEK [9] . Since MKP3 had no effect on insulin-stimulated protein synthesis, these results also indicate that ERK activation is not required for this response. This is in agreement with the observation that MKP3 did not impair the ability of insulin to activate Akt (PKB) ( Figure 1D ) and with our earlier finding that the activation of protein synthesis by insulin in ARVC involves PI3K/Akt signalling [28] . (A) Extracts were processed for the determination of S6K1 activity as described in the Materials and methods section. Assays were conducted in duplicate and corrected for incorporation in the absence of substrate. Results are expressed as percentage increase relative to Adv-GFP control samples (+ − S.E.M.), which is set at 100 %. Results are representative of three replicate experiments using separate preparations of ARVC. S.E.M. is calculated from the averages of the three independent replicate experiments. *P < 0.05 or **P < 0.01 for the indicated comparisons. (B, C) Cells were treated as for Figure 1 
Inhibition of ERK1/2 inhibits the phosphorylation and activation of S6K1 and the phosphorylation of 4E-BP1
PE treatment of ARVC results in the phosphorylation and activation of S6K1 and increased phosphorylation of 4E-BP1 by an MEK-dependent mechanism [9] . The effects of MKP3 expression on PE-and insulin-induced changes in S6K1 activity were assessed. The data are presented in Figure 2 (A) as percentage change in activity relative to Adv-GFP control samples. In ARVC expressing GFP, S6K1 was activated approx. 4-fold by insulin (P < 0.01 %) and 2-fold by PE (P < 0.05 %). Expression of MKP3 completely blocked the activation of S6K1 by PE, whereas its activation by insulin was unaffected (Figure 2A ). Activation of S6K1 involves its phosphorylation at multiple sites [12] . An immunoblot for S6K1 demonstrated that insulin and PE induced its phosphorylation in Adv-GFP-infected cells, whereas MKP3 expression blocked S6K1 phosphorylation induced by PE, but not by insulin ( Figure 2B ).
4E-BP1 exists in differentially phosphorylated forms and three species are distinguishable on SDS/PAGE; the most highly phosphorylated form, the γ -isoform, does not bind eIF4E and is therefore inactive in repressing translation [9] . In unstimulated cardiomyocytes, 4E-BP1 exists in the less phosphorylated α/β species (80 % in β-form and 20 % in α-form; Figure 2C ). Stimulation with PE or insulin caused a shift of 4E-BP1 to more phosphorylated forms, with the loss of the α-form and the appearance of the γ -isoform. MKP3 overexpression induced a slight increase in the amount of 4E-BP1 in the β-form (66 %) and an increase in the α-isoform (34 %) compared with Adv-GFP control cells. Although the cause of this is unclear, it has been reported previously that adenovirus infection can induce the phosphorylation of 4E-BP1 [38] . MKP3 overexpression substantially decreased the PE-induced increase in 4E-BP1 phosphorylation. A small amount of the γ -form of 4E-BP1 remained; however, it is important to note that proportion of inactive γ -isoform decreased from 0.3 in Adv-GFP + PE sample to 0.1 in Adv-MKP3 + PE sample. In contrast, MKP3 did not affect the insulin-induced 4E-BP1 phosphorylation. Therefore the activation of MEK alone is not sufficient to activate mTOR signalling in response to PE in ARVC. These results also demonstrate that the effects of PE on S6K1 and 4E-BP1 require ERK1/2 activation, whereas responses to insulin do not.
PE induces the phosphorylation of TSC2 in an MEK-dependent manner
The TSC1/2 complex, which negatively regulates mTOR signalling [17, 26] , is a candidate for involvement in the activation of protein synthesis by hypertrophic agents such as PE. Therefore the effects of PE on TSC2 were studied. Insulin induced the phosphorylation of TSC2 at the Akt site Thr 1462 ( Figure 3A) , with a 20-fold increase in the signal compared with untreated cells; PE also increased phosphorylation of this site, but much less when compared with insulin, with only a 2-3-fold increase in signal intensity ( Figure 3A) . We also used an antibody designed to recognize phosphorylated serine/threonine residues in the sequence RXRXX(S/T): the so-called 'anti-phospho-PKB(Akt) substrate antibody'. PE induced a 15-fold increase in phosphorylation of TSC2 at a site or sites detected by this antibody, whereas insulin did not ( Figure 3B ). Phosphorylation at these sites occurred by 10 min and was maintained for at least 60 min ( Figure 3B ). Importantly, pretreatment of cells with U0126 (MEK inhibitor) almost completely blocked their phosphorylation ( Figure 3C ). It is surprising that this antibody did not detect the phosphorylation of TSC2 induced by insulin, as the reported Akt sites appear to be in a suitable sequence context for recognition by this reagent [39] : the batches of this antibody do not seem to detect efficiently the phosphorylation of the Akt sites in TSC2. The data thus show that PE induces the phosphorylation of TSC2 at different sites from insulin and this occurs in a MEK-dependent manner. These presumably lie in sequences of the form RXRXX(S/T) and are potential targets for phosphorylation by p90 RSK , a downstream effector of ERK that has a similar, but distinct, substrate specificity to Akt (PKB) [40] . Attempts to study the phosphorylation of TSC2 further by in vivo radiolabelling in ARVC stimulated with PE or insulin proved inconclusive due to low levels of TSC2 in cardiomyocytes Isolated ARVC were cultured overnight and, where indicated, treated with 10 nM U0126 for 45 min before stimulation with either PE (10 µM) or insulin (10 nM) for the time periods indicated. Cells were pretreated with U0126 or with DMSO as a control. Cells were stimulated with 10 µM PE or 10 nM insulin for the time periods indicated and harvested as described above. Endogenous TSC2 was immunoprecipitated from 1 mg of lysate and analysed by SDS/PAGE and immunoblotting as described in Materials and methods section. Blots are representative of three independent replicate experiments using separate preparations of ARVC. (A) Immunoblot showing the level of TSC2 phosphorylated at Thr 1462 , assessed using a phospho-specific antibody. (B, C) Immunoblots showing levels of TSC2 phosphorylated at serine/threonine residues within RXRXX(S/T) motifs (using the so-called 'anti-(P)PKB substrate antibody'). (A-C) Lower panels indicate total levels of TSC2 used to assess loading. Densitometry was conducted as described in the Materials and methods section. Phosphoblots were normalized to total protein levels before comparison. Values indicate fold change in the amount of TSC2 phosphorylated at the different sites relative to control (+ − S.E.M.). *P < 0.05 as indicated.
and their intolerance to the phosphate-free medium. An alternative approach to identifying the sites in TSC2 targeted by MEK/ERK signalling would be to express TSC2, or express selected mutants with altered phosphorylation sites, in ARVC using adenoviral vectors. Co-expression with TSC1 would be required to stabilize TSC2. However, the cDNAs for TSC1 and TSC2 are both large and, despite repeated attempts, we were not able to create adenoviral vectors encoding these proteins. We have therefore used an alternative approach, also employed by other authors [41] , in which TSC1/2 are expressed in HEK-293 cells, and the effects of specific stimuli and signalling inhibitors are explored.
PMA also regulates sites in TSC2 distinct from those affected by insulin
As shown in Figure 4(A) , stimulation of HEK-293 cells by PMA, which activates ERK but not Akt [42] resulted in a marked increase in the phosphorylation of the endogenous TSC2 detected using the anti-phospho-PKB substrate antibody. In contrast, insulin (which activates Akt but has almost no effect on ERK [42] ) did not increase the signal seen with this antibody. Insulin did elicit a marked increase in the signal seen with the (P)Thr 1462 and (P)Ser 939 antisera, indicating that it does induce phosphorylation of TSC2 at the sites reported previously [39] . A smaller increase using the site-specific TSC2 (P)Thr 1462 and (P)Ser 939 antisera was also observed after PMA treatment ( Figure 4A ), suggesting that PMA may also regulate these sites, although it was also possible that these antisera might cross-react with other sites in TSC2.
The ability of PMA to increase the phosphorylation of the endogenous TSC2 at sites recognized by all three antisera was blocked by the MEK inhibitor U0126, consistent with a role for MEK/ ERK signalling in mediating this effect ( Figure 4B ), but was not affected by the PI3K inhibitor LY294002. Conversely, the ability of insulin to increase phosphorylation at Ser 939 and Thr 1462 was blocked by LY294002 but not by U0126, consistent with a role for PI3K, and thus probably for Akt, in these effects ( Figure 4B ).
To assess whether PMA did affect Ser 939 and Thr 1462 , we made use of a mutant of TSC2 in which both sites are mutated to alanine residues ('SATA' mutant). This was expressed in HEK-293 cells along with TSC1. In some cases, wild-type TSC2 was used instead of the SATA mutant. As shown in Figure 4 (C), no signal was seen with the anti-(P)Ser 939 or -(P)Thr 1462 antisera after treatment of cells with PMA or insulin. This indicates that these antisera do not recognize other sites in TSC2 that are targets for phosphorylation in response to either PMA or insulin. Importantly, PMA still elicited an increase in the signal for the anti-phospho-PKB substrate antibody ( Figure 4C) , showing (i) that this antibody recognizes additional sites in TSC2 other than Ser 939 and Thr 1462 and (ii) that PMA enhances phosphorylation at such sites, which presumably lie in sequence contexts of the form RXRXX(S/T) (see also below).
Activated p90 RSK1 , but not ERK2, phosphorylates TSC2 in vitro
Given the above findings, we asked whether ERK2 or p90 RSK1 could phosphorylate TSC2 in vitro. Since TSC2 is only expressed at low levels in ARVC, it was necessary to overexpress FLAGtagged TSC2 as a source of material for these studies. We therefore co-expressed FLAG-tagged TSC1 and TSC2 in HEK-293 cells. TSC1 and TSC2 were immunoprecipitated from the lysates using anti-FLAG. Immunoprecipitates were incubated with [γ -32 P]-ATP and activated ERK2 or p90 RSK1 . ERK2 did not phosphorylate TSC2; however, it did phosphorylate Mnk2, used as a positive control ( Figure 5A ). In contrast, p90 RSK1 strongly phosphorylated TSC2 ( Figure 5B ), suggesting that p90 RSK may mediate the MEK-dependent phosphorylation of TSC2 induced by PE. Unfortunately, no specific inhibitors of p90 RSK family kinases are yet available and we are unable to address directly the role of p90 RSK in the phosphorylation of TSC2 in ARVC. To study further the phosphorylation of TSC2 by p90 RSK1 , we incubated TSC1/2 complexes derived from transfected HEK-293 cells with p90 RSK1 or Akt in vitro, and used the phosphospecific antisera to gain further insight. As shown in Figure 5 (sites which do not appear to be appreciably phosphorylated in response to insulin in vivo, Figure 4C Figure 5 (D), p90 RSK1 was still able to phosphorylate the TSC2(SATA) mutant in vitro at sites recognized by the anti-phospho-PKB substrate antibody, whereas Akt was no longer able to do so. This is consistent with our conclusion that p90 RSK1 phosphorylates TSC2 at sites distinct from Akt. Inspection of the sequence of TSC2 reveals a number of serine/threonine residues in motifs of the form RXRXX(S/T) that could be sites for phosphorylation both by p90 RSK and by epitopes recognized by the anti-phospho-PKB substrate antibody. We mutated several of these residues to alanines: Ser 981 , Thr 993 , Ser 1130 and Ser 1132 . None of these mutations altered the reactivity seen with the anti-phospho-PKB substrate antibody. However, as shown in Figure 5 (E), mutation of Ser 1798 to alanine abolished the signal seen with this antibody after treatment of cells with PMA. These results indicate that Ser 1798 is the site recognized by the anti-phospho-PKB substrate antibody, and that PMA regulates its phosphorylation, in agreement with the conclusions of [43, 44] . The fact that this site is also phosphorylated by p90 RSK1 in vitro [44] suggests, but does not prove, that its phosphorylation is mediated by members of the RSK group of kinases in vivo.
PE has only a small effect on the phosphorylation of GSK3αβ
Our previous studies suggested that there is a component of PEinduced protein synthesis that is MEK-dependent but rapamycininsensitive. A potential candidate eIF2B, which is important in translational control [21] , is phosphorylated and inhibited by GSK3 and activated in a rapamycin-insensitive manner (at least in response to insulin [45] ). PE induced only a modest phosphorylation of GSK3αβ compared with the large effect of insulin ( Figure 6 ). Furthermore, we could not detect changes in the phosphorylation of eIF2B in response to PE (results not shown). Interestingly, the effect of PE on GSK3 phosphorylation was blocked by U0126, whereas that of insulin was not. This could reflect an input from p90 RSK to GSK3, as suggested by earlier studies [46, 47] . The relatively modest effect of PE on GSK3αβ and the absence of a detectable change in eIF2B phosphorylation . Signals from phospho-blots were normalized to total protein levels before comparison. *P < 0.05 as indicated. Blots are representative of three independent replicate experiments using separate preparations of ARVC.
suggest that regulation of eIF2B is unlikely to be important in the activation of protein synthesis by PE.
Inhibition of Mnk1/2 activity inhibits PE-activated protein synthesis additively with rapamycin
The eIF4E kinases Mnk1/2 interact with and are phosphorylated by ERK1/2 [48, 49] . Thus it is possible that the Mnks contribute to the MEK-dependent activation of protein synthesis induced by PE. We therefore examined the effect of CGP57380, an inhibitor of Mnk1/2 [27] , on PE-induced protein synthesis (Table 1) . Our other studies have revealed that, within cells, this compound does not inhibit ERK or upstream signalling to ERK (M. Buxadé and C. G. Proud, unpublished work). It also lacks significant inhibitory activity in vitro against approx. 30 other kinases tested: particularly relevant ones tested include MSK1 and p90 RSK1 that lie downstream of ERK, p38 MAPK α/β and JNK (M. Buxadé and C. G. Proud, unpublished work).
In parallel, we also re-examined the effects of other inhibitors. Since, in some cases, these compounds have small effects on basal protein synthesis, it is important to relate the data for PE-induced protein synthesis in the presence of the inhibitor to the rate of incorporation of radiolabel seen in the presence of inhibitor in cells that were not treated with PE. Both the raw data and the normalized values are presented in Table 1 .
As we have reported earlier [9] , activation of protein synthesis by PE was almost completely ablated by the inhibition of MEK (by U0126 or PD184352). Rapamycin treatment also attenuated the induction of protein synthesis, but less so than U0126 [9] . Pretreatment of cells with CGP57380 also significantly decreased the induction of protein synthesis by PE compared with PE alone (P < 0.05 %). Strikingly, treatment with both CGP57380 and rapamycin together inhibited the activation of protein synthesis by PE to the same extent as U0126 alone. This suggests that Mnk1/2 may mediate the mTOR-independent element of the activation of protein synthesis by PE.
Table 1 Inhibition of Mnk1/2 decreases the rate of protein synthesis in cardiomyocytes
Overnight cultures of ARVC were treated with U0126 (10 nM), rapamycin (100 nM), SB203580 (10 nM), SB202474 (10 nM), CGP57380 (40 µM) or a combination of rapamycin and CGP57380 (Rap + CGP) for 45 min. ARVC were stimulated with PE for 1.5 h. Protein synthesis was assayed as described in the Materials and methods section. Presented data are normalized to the control sample, and also to unstimulated cells in the presence of the appropriate inhibitor(s), to correct for any effect of the inhibitor on basal rates of protein synthesis. Data shown (+ − S.E.M.) were calculated from the averages of three independent replicate experiments. The three replicate experiments were performed each using separate preparations of ARVC and each experiment included triplicate determinations. 122.7 + − 1.4 † * P < 0.01 for comparisons between the indicated treatment and control without PE.
† P < 0.01 for comparisons between the indicated sample and control + PE. ‡ P < 0.05 for comparisons between the indicated sample and control + PE.
SB203580, an inhibitor of p38 MAPK (which can also activate the Mnks), did not significantly inhibit PE-induced protein synthesis (Table 1) . SB202474, a negative control for SB203580 that does not bind p38 MAPK [50] , also had no effect on PE-induced protein synthesis. This suggests that p38 MAPK plays little or no role in the activation of protein synthesis by PE in ARVC.
Inhibition of Mnk1/2 decreases eIF4E phosphorylation
Given the above results indicating a role for Mnks in PE-induced protein synthesis, we assessed the phosphorylation of eIF4E, their common substrate by IEF. In unstimulated ARVC, approx. 67 % of eIF4E is already phosphorylated; PE significantly increases this phosphorylation (P < 0.05), approx. 80 % of eIF4E being phosphorylated after 20 min of PE treatment ( Figure 7A ). U0126, SB203580 or rapamycin had no significant effect on basal eIF4E phosphorylation ( Figures 7B and 7C) . U0126 prevented the PEinduced increase in eIF4E phosphorylation. In contrast, inhibition of p38 MAPK by SB203580 had no effect. CGP57380 almost completely eliminated eIF4E phosphorylation in unstimulated or PE-treated cells ( Figure 7B ), in agreement with the idea that Mnk1/2 are responsible for the phosphorylation of eIF4E in vivo [51, 52] . These results are consistent with the idea that the effect of CGP57380 on the activation of protein synthesis by PE reflects a role for eIF4E phosphorylation. Rapamycin also inhibited PE-induced, but not basal, phosphorylation of eIF4E (Figure 7C ). This may be because rapamycin inhibits PE-induced binding of eIF4E to eIF4G [9] , which facilitates the phosphorylation of eIF4E by Mnks [53] . Levels of eIF4F complexes are very low in unstimulated ARVC [9] , which may be the reason why rapamycin has little effect on eIF4E phosphorylation under this condition.
Figure 7 Phosphorylation of eIF4E in ARVC is inhibited by CGP57380
Where indicated, ARVC were stimulated with 10 µM PE. The presence of signalling inhibitors is indicated. Lysates were collected and eIF4E was purified from them by affinity chromatography (m 7 GTP-Sepharose) and analysed by IEF as described in the Materials and methods section. (A) ARVC were stimulated with PE for the time periods shown. (B) ARVC were pretreated with signalling inhibitors as detailed in Table 1 before exposure to PE for 60 min. The polarity of the gel is also shown (+/−). (C) ARVC were pretreated with rapamycin, where indicated, as in Table 1 and then stimulated with PE, as above. (A-C) Arrows indicate the phosphorylated (upper band) and non-phosphorylated (lower band) forms of eIF4E. Blots are representative of three replicate individual experiments using separate preparations of ARVC. Densitometry was conducted as described in the Materials and methods section. Values represent the relative proportions of phosphorylated (top two rows of tables) and non-phosphorylated (lower two rows of tables) (+ − S.E.M.). *P < 0.05 as indicated.
DISCUSSION
Our previous studies show that PE activates MEK/ERK signalling, leading to stimulation of protein synthesis and S6K1 and 4E-BP1 phosphorylation in ARVC [9] . These effects are blocked by inhibition of MEK. The present study demonstrates that ERK1/2 activation is also required for these effects since MKP3 overexpression inhibits ERK1/2 and completely blocks PE-induced activation of protein synthesis, impairs the phosphorylation and activation of S6K1 and decreases the phosphorylation of 4E-BP1. Our results indicate that phosphorylation of ERK1/2 by PE was not completely blocked by MKP3 ( Figure 1C) ; however, it is worth noting that the level of activation in the presence of MKP3 is significantly lower than that seen in GFP-expressing cells; most importantly, PE-induced protein synthesis was completely ablated. Therefore any residual phospho-ERK1/2 was not sufficient to mediate the downstream effects on protein synthesis. The results presented here are consistent with those of a previous study [54] showing that overexpression of MKP1 decreased the hypertrophic response in neonatal cardiomyocytes and transgenic mice. However, the effect of MKP1 on protein synthesis was not assessed, and since MKP1 can dephosphorylate JNK and p38 MAPK in addition to ERK, the pathways mediating these effects are unclear. These results also support previous work that suggested a role for ERK1/2 in PE-induced hypertrophy [4, 5] ; however, they contradict the results of a separate study that found that transgenic mice overexpressing Gα q develop cardiac hypertrophy without ERK1/2 activation [2] .
Inhibition of ERK by MKP3 also strongly impaired the activation of mTOR signalling (S6K1 and 4E-BP1) by PE. These results contrast with other findings suggesting that phosphorylation of S6K1 was dependent on MEK but not on ERK1/2 [22, 23] . Ballou et al. [22] found that ERK2 does not phosphorylate S6K1 in vitro and there was no correlation between the level of ERK2 and S6K1 activity in vivo, suggesting that ERK2 is not the direct activating enzyme for S6K1. Furthermore, Lenormand et al. [23] reported that inhibition of ERK1 did not impair the activation of S6K1. The discrepancies between these previous studies and the present results may be due to differences in the stimuli or experimental approaches used or in the cell types examined. It is noteworthy, however, that the present study was performed using a primary cell type, in contrast with previous studies. Our results suggest that ERK1/2, or signalling downstream of them, activates mTOR. Indeed, a link between the MAPK and mTOR pathways has also recently been suggested by other studies [41] .
Therefore we also examined the effect of PE on TSC2, a negative regulator of mTOR signalling. The results show that PE only induces a low level of phosphorylation of TSC2 at Thr 1462 , whereas insulin elicited a marked phosphorylation at this site. Interestingly, PE treatment induced MEK-dependent phosphorylation at serine/ threonine residues within the sequences of the type RXRXX(S/T). As argued above, the effect of PE on TSC2 may be mediated through p90 RSK , which can phosphorylate such motifs; indeed, we demonstrate that p90 RSK , but not ERK2, can efficiently phosphorylate TSC2 in vitro. We provide evidence that, in vitro, p90 RSK1 phosphorylates sites other than the previously identified Akt sites (Ser 939 and Thr 1462 ). These sites are detected by the socalled 'anti-phospho-PKB substrate' antibody. We show that this reactivity is lost when Ser 1798 is mutated to an alanine when cells are treated with PMA. These results agree with a recent study that also identified Ser 1798 in TSC2 as a target for p90 RSK1 in response to PMA stimulation [44] . One important technical point to emerge from these studies is that, at least for preparation of the antibody we have used, the commercial anti-phospho-PKB substrate antiserum does not efficiently recognize the Akt sites in TSC2.
Our results suggest that TSC2 can be phosphorylated in a MEK-dependent/PI3K-independent manner in response to PE. This agrees with previous work [41] , which found that, in HEK-293 cells, TSC2 was phosphorylated in response to PMA in a PKC/ERK-dependent but PI3K-independent manner. This is consistent with our finding that PE and insulin induce phosphorylation at different sites within TSC2. Further research, beyond the scope of this study, is required to identify these sites and explore their effects on TSC2 function. Phosphorylation of TSC2 (e.g. by p90
RSK ) may alleviate its inhibition of mTOR in a manner similar to its phosphorylation by Akt, although the methods to test [44] . When the present paper was under revision, Ballif et al. [43] provided results suggesting that Ser 1364 in TSC2 is also phosphorylated in response to PMA. The fact that this event was blocked by bisindolylmaleimide was interpreted as indicating that it is catalysed by PKC: however, this compound also inhibits a number of other protein kinases, including p90
RSKs and related enzymes, so caution must be exercised in interpreting its effects [55] .
The above data concern mTOR signalling, which is known to regulate cell growth. However, our results suggest that there is an element of the PE-induced protein synthesis that is MEKdependent but rapamycin-insensitive. What events are involved in this? We first investigated GSK3/eIF2B signalling. However, we observed only a very small change in GSK3α/β phosphorylation in response to PE and saw no change in eIF2B phosphorylation. Thus it appears unlikely that the GSK3/eIF2B pathway plays a significant role in the activation of protein synthesis by PE. However, GSK3 is a negative regulator of cardiac hypertrophy [4] and may play a role in other facets of the hypertrophic response, e.g. through the transcription factor NFAT (nuclear factor of activated T-cells) [56] .
We also studied the role of Mnks, since they are regulated in an ERK-dependent manner. Pretreatment of cells with the Mnk inhibitor CGP57380 had a small inhibitory effect on both basal and PE-activated protein synthesis but, strikingly, this effect was additive to that of rapamycin. When used together, rapamycin and CGP57380 gave a level of inhibition similar to that observed on MEK inhibition. This suggests that the MEK-dependent effects of PE on protein synthesis are mediated by a combination of mTOR and the Mnks, and may suggest a role for phosphorylation of eIF4E, a well-characterized substrate of the Mnks. However, the changes in eIF4E phosphorylation are modest, especially given the high basal level, and it must be questionable whether they can really contribute to the substantial increase in protein synthesis. It is possible that there are other Mnk substrates whose phosphorylation changes more markedly and which (also) contribute to the activation of translation.
The level of eIF4E phosphorylation was therefore also analysed. In unstimulated ARVC, eIF4E is already substantially phosphorylated and this was decreased markedly by the Mnk inhibitor CGP57380, but not by inhibition of MEK or p38 MAPK. PE stimulation of ARVC induced an increase in eIF4E phosphorylation that was blocked by U0126. The observation that the high basal level of eIF4E phosphorylation in unstimulated ARVC is decreased by CGP57380 but not by U0126 appears to be initially surprising. However, this pattern matches the characteristics of Mnk2, which, unlike Mnk1, has high basal activity in cells that is blocked by CGP57380 but not by MEK inhibition [57] (J. ParraPalau and C. G. Proud, unpublished work). It is possible that ARVC primarily express Mnk2 rather than Mnk1, whose basal activity is much lower. This is also consistent with the observation (Figure 7B ) that the p38 MAPK inhibitor SB203580 had no effect on basal or PE-stimulated eIF4E phosphorylation since, unlike Mnk1, Mnk2 interacts with ERK but not p38 MAPK [49] . Insulin activates protein synthesis by the PI3K pathway, which involves the activation of PKB/Akt. However, the effects of PE are mediated through the classical MAPK pathway and results presented in this study indicate that ERK1/2 activity is required to activate protein synthesis and mTOR signalling. It is probable that a kinase downstream of ERK, such as p90 RSK , phosphorylates TSC2, alleviating its inhibition of Rheb. This results in the activation of the mTOR pathway and S6 kinases and the inhibition of 4E-BP1 activity; both of these events activate protein synthesis. The Mnks also contribute to the activation of protein synthesis by PE, probably through the phosphorylation of eIF4E and perhaps of other substrates.
Unfortunately, Mnk1-and Mnk2-specific antibodies are not yet available for examining the expression levels of these proteins in ARVC.
Rapamycin also suppressed the PE-induced phosphorylation of eIF4E. This may be because inhibition of mTOR would inhibit binding of eIF4E to eIF4G, which is required for eIF4E phosphorylation; however, the effects of rapamycin and CGP57380 on the rate of protein synthesis were additive. It is possible that Mnk may regulate protein synthesis through mechanisms other than eIF4E, which are only affected by CGP57380. The observation that CGP57380 impairs PE-stimulated but not basal protein synthesis is also surprising. It may indicate that increased eIF4E phosphorylation is needed for the stimulation of protein synthesis (either to facilitate ribosomal scanning or for other reasons, as discussed in [51] ). Alternatively, it may be that the Mnks have additional substrates, other than eIF4E, that are important for the activation of translation but not for its basal rate. The fact that rapamycin did not impair basal eIF4E phosphorylation is consistent with the absence of eIF4E/eIF4G binding under this condition [9] , but suggests that in ARVC basal eIF4E phosphorylation is independent of the eIF4E/eIF4G interaction. The reasons for this are unclear.
In summary, results of the present study substantially extend our understanding of the mechanisms by which PE activates protein synthesis in cardiomyocytes (Figure 8 ). Our results clearly indicate a key role for ERK itself in mediating the effects of PE on the downstream targets of mTOR, S6K1 and 4E-BP1, and in activating protein synthesis. The results also show that PE induces the phosphorylation of TSC2 at sites distinct from those affected by insulin (through Akt). It is probable, therefore, that phosphorylation and inactivation of TSC2 links ERK signalling to stimulation of mTOR, e.g. in response to PE. Given that insulin also activates ERK, albeit much less strongly than PE [6] , the phosphorylation of TSC2 through MEK/ERK signalling may also contribute to the activation of mTOR by this stimulus. However, the lack of effect of MKP3 on insulin-stimulated protein synthesis suggests that the contribution is minor. Future studies will focus on the roles of kinases that lie downstream of ERK1/2 in the activation of protein synthesis and, particularly, on the roles of TSC1/2 and Rheb. Our results suggest that divergent signalling downstream of ERK (through Mnks and probably p90 RSK /TSC2) mediates the MEK-dependent activation of protein synthesis by PE in adult cardiomyocytes. Our results also suggest that TSC1/2/Rheb signalling may play a key role in the hypertrophic effects of PE, consistent with their known roles in cell-growth control.
